h Fluoroquinolone resistance in Mycobacterium tuberculosis can be conferred by mutations in gyrA or gyrB. The prevalence of resistance mutations outside the quinolone resistance-determining region (QRDR) of gyrA or gyrB is unclear, since such regions are rarely sequenced. M. tuberculosis isolates from 1,111 patients with newly diagnosed culture-confirmed tuberculosis diagnosed in Tennessee from 2002 to 2009 were screened for phenotypic ofloxacin resistance (>2 g/ml). For each resistant isolate, two ofloxacin-susceptible isolates were selected: one with antecedent fluoroquinolone exposure and one without. The complete gyrA and gyrB genes were sequenced and compared with M. tuberculosis H37Rv. Of 25 ofloxacin-resistant isolates, 11 (44%) did not have previously reported resistance mutations. Of these, 10 had novel polymorphisms: 3 in the QRDR of gyrA, 1 in the QRDR of gyrB, and 6 outside the QRDR of gyrA or gyrB; 1 did not have any gyrase polymorphisms. Polymorphisms in gyrA codons 1 to 73 were more common in fluoroquinolone-susceptible than in fluoroquinolone-resistant strains (20% versus 0%; P ‫؍‬ 0.016). In summary, almost half of fluoroquinolone-resistant M. tuberculosis isolates did not have previously described resistance mutations, which has implications for genotypic diagnostic tests.
F
luoroquinolones (FQs) have potent in vitro and in vivo activity against Mycobacterium tuberculosis. They are recommended for the treatment of drug-resistant tuberculosis (TB) and for persons intolerant of current first-line therapy (4) . Recent clinical trials have demonstrated that fluoroquinolones have the potential to shorten the duration of antituberculosis therapy (9, 23, 26) .
Fluoroquinolones kill M. tuberculosis via double-stranded breaks in DNA, by binding to DNA gyrase. DNA gyrase consists of two A and two B subunits encoded by the gyrase A (gyrA) and gyrase B (gyrB) genes, respectively. The interaction between fluoroquinolones and DNA gyrase occurs in a conserved region of gyrA (codons 74 to 113) (32) and gyrB (codons 500 to 538) (8) known as the quinolone resistance-determining region (QRDR). Fluoroquinolone resistance in M. tuberculosis is frequently conferred by mutations in the QRDR of gyrA or gyrB (32) . However, up to 58% of fluoroquinolone-resistant M. tuberculosis isolates lack known resistance mutations (12, 29, 33, 34) . Most studies of fluoroquinolone-resistant M. tuberculosis have limited their assessment of mutations to the QRDR of gyrA and/or gyrB. A systematic review of all studies of genotypic fluoroquinolone resistance in M. tuberculosis published between January 1990 and June 2010 identified 42 studies (2,482 M. tuberculosis clinical isolates), of which only 1 (40 isolates) sequenced the gyrA and gyrB genes in their entirety (22a) . The extent to which resistance mutations occur outside the QRDR of gyrA and gyrB is therefore unclear. Diagnostic tests such as line probe assays currently under evaluation for the detection of genotypic fluoroquinolone resistance in M. tuberculosis are limited to mutations in the QRDR of gyrA (6, 16, 19) .
We have previously reported the prevalence of and risk factors for phenotypic fluoroquinolone resistance in culture-confirmed tuberculosis in Tennessee between 2002 and 2006 (10) . We sought to extend those findings by characterizing genotypic mutations throughout all of gyrA and gyrB in both fluoroquinolone-resistant and -susceptible M. tuberculosis isolates and including isolates from three additional years of study. For each resistant isolate, two ofloxacin-susceptible control isolates from different patients diagnosed in the same year as the case isolate were randomly selected: one with antecedent exposure to any fluoroquinolone (e.g., ciprofloxacin, ofloxacin, gatifloxacin, levofloxacin, or moxifloxacin) and one without.
MATERIALS AND METHODS
The study was approved by the Institutional Review Boards of Vanderbilt University, the Tennessee Department of Health, and the Davidson County Metro Public Health Department and was also reviewed by the Bureau of TennCare. Participants in the prospective phase of the study (2007 to 2009) provided written informed consent.
Study definitions. Mutations were defined as nucleotide changes that resulted in a change in amino acid (i.e., nonsynonymous) and that were associated with drug resistance. Base pair changes that did not affect the amino acid (i.e., synonymous) were not considered mutations. Polymorphisms were defined as variants resulting in amino acid changes for which the relationship with drug resistance was uncertain.
Laboratory methods. All M. tuberculosis isolates were stored at the Tennessee Department of Health mycobacteriology laboratory at Ϫ70°C after the initial clinical diagnosis was established. The first M. tuberculosis isolate obtained from each patient was used when available. Patients were excluded from screening if the M. tuberculosis isolate was unavailable. M. tuberculosis isolates were thawed and subcultured onto Lowenstein-Jensen (LJ) medium. A 1.0 McFarland (determined by nephelometer) suspension was prepared from freshly grown colonies on the LJ slant and served as the standard inoculum for all dilutions used in susceptibility testing. Screening for fluoroquinolone resistance was performed via agar proportion using ofloxacin as the representative fluoroquinolone (24) . Isolates were identified as resistant if Ͼ1% colony growth occurred in the presence of the ofloxacin critical concentration (2 g/ml) on Middlebrook 7H10 agar. The MIC was determined for each study isolate via an agar proportion method as described elsewhere (1) . Inoculum size was confirmed by colony count for each test. The range of ofloxacin concentrations tested was 2 to 1,024 g/ml for resistant isolates and 0.5 to 2 g/ml for susceptible isolates. M. tuberculosis reference strain H37Rv (ATCC 27294) was the fluoroquinolone-susceptible control isolate, and a fluoroquinolone-resistant M. tuberculosis isolate from the Centers for Disease Control and Prevention was the resistant control; both were screened with each batch of patient isolates. Laboratory personnel were blinded to the fluoroquinolone exposure status of the patient.
Genotyping (spoligotyping and mycobacterial interspersed repetitive units [MIRU] ) was performed on all fluoroquinolone-resistant M. tuberculosis isolates and all M. tuberculosis isolates in culture-confirmed tuberculosis cases in Tennessee from 2004 to 2009. Extraction of chromosomal DNA from M. tuberculosis isolates. DNA was extracted from M. tuberculosis isolates by transferring one 10-g loopful of bacteria cultured on drug-free Lowenstein-Jensen slants to a 1.5-ml tube containing 1 ml of sterile water. Each tube was vortexed at high speed for 30 s and placed in a heat block at 94°C for 10 min. Tubes were then removed, immediately placed on ice, vortexed, and briefly spun down. The supernatant was pipetted into a new 1.5-ml tube.
PCR. Separate 50-l PCR mixtures for gyrA and gyrB were set up for each of the case and control M. tuberculosis isolates. The master mix contained 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 2 mM MgCl 2 (1.5 mM for gyrB), 0.2 mM deoxynucleoside triphosphate, 2.5 U Taq polymerase, and 0.5 M gyrA primers F1 (5=-GCA ACC CTG CGT TCG ATT-3=) and R3 (5=-TAA TTG CCC GTC TGG TCT GC-3=) and gyrB primers F (5=-GGT ACA GTG GTG TGC GAC CC-3=) and R (5=-CTG TCA TCT ATT CCT CGT TTG CAA-3=). Amplification of the entire gyrA and gyrB genes was performed separately for each isolate. The amplified DNA fragment was purified with the Qiagen MinElute gel extraction kit (Qiagen, Valencia, CA).
Cloning. Purified DNA was ligated into a pcR 2.1 vector using the TA cloning kit (Invitrogen, Carlsbad, CA) and transformed Escherichia coli via INV␣F=-competent cells. The plasmid DNA was purified using the QIAprep Spin Miniprep kit (Qiagen, Valencia, CA), confirmed, and subsequently digested with EcoRI. The entire gyrA and gyrB genes were cloned.
DNA sequencing. Plasmids were sequenced via an ABI Prism 3730xl DNA analyzer (Applied Biosystems, Foster City, CA) using BigDye chemistry per the manufacturer's instructions. Applied Biosystem's DNA sequencing software (version 5.0) was used to collect and analyze the raw data. The entire gyrA and gyrB genes were sequenced in both directions using 6 separate internal primer reactions, which included the T7 and M13R primers and 8 additional internal sequencing primers: GyrA-T7-1, 5=-ATG CCT ACA AAA CTG GCC G-3=; GyrA-M13-1, 5=-ACA GGA TCA AAT CGT GGG TG-3=; GyrA-T7-2, 5=-TTC GTG TGC TCC ACC CA-3=; GyrA-M13-2, 5=-ACC GCG GGA ATC CTC TT-3=; GyrB-T7-1, 5=-ACC ATC AAC CTG ACC GAC-3=; GyrB-M13-1, 5=-CGA GTC ACC TCT ACG ACA TAC A-3=; GyrB-T7-2, 5=-ACA CCG AAG TTC AGG CGA T-3=; and GyrB-M13-2, 5=-AGG AAC GCC ATC TCT TGC-3=.
Analysis of polymorphisms. Sequences were analyzed using Polyphred software (University of Washington). The gyrA and gyrB sequences from the case and control M. tuberculosis isolates were assembled and compared to the M. tuberculosis reference strain sequence (H37Rv from the Pasteur Institute, France [S. Cole; accession number AL123456; annotation NC[00962.2; gyrA, gyrB]). A subset of sequences were sent to another research lab (A. Aubry, Faculté de Médecine Pitié-Salpêtrière, France); they found the same results as our lab.
Polymorphisms in gyrA codons 21, 95, and 668 were excluded from the analysis because they are common polymorphisms not associated with resistance (21, 28, 32) . The frequency of polymorphisms and mutations was assessed in 3 regions of both gyrA and gyrB: before, within, and after the QRDR. The QRDR of gyrA was defined as codons 74 to 113 (32); the QRDR of gyrB was defined as codons 500 to 538 (GenBank CAB02426.1) (8) .
Statistical analysis. The Pearson chi-square test compared categorical variables and the Wilcoxon rank-sum test compared continuous variables. The proportions of fluoroquinolone-resistant and -susceptible M. tuberculosis isolates with polymorphisms in specific locations (before, within, and after the QRDR) of gyrA and gyrB were compared with the Pearson chi-square test. The global test controlled for inflation of type I error due to multiple comparisons by comparing the effect of the gyrase region. Two-sided P values of Ͻ0.05 were considered statistically significant.
Nucleotide sequence accession numbers. The 75 new gene sequences for gyrA and gyrB identified in this study are available from GenBank under accession numbers JQ699102 to JQ699176 and JQ683939 to JQ684013, respectively.
RESULTS
There were 1,111 persons with culture-confirmed tuberculosis during the study period, of whom 25 (2.3%) had phenotypic fluoroquinolone resistance. Of the fluoroquinolone-susceptible M. tuberculosis isolates, 50 were included in this study. The clinical and demographic characteristics of the study population according to fluoroquinolone susceptibility test results are in Table 1 . Among the 25 cases with fluoroquinolone resistance, 15 (60%) had fluoroquinolone exposure prior to diagnosis. By study design, 25 (50%) of the 50 controls with fluoroquinolone-susceptible tuberculosis had fluoroquinolone exposure prior to diagnosis. There were no significant differences in age, sex, race, country of birth, HIV infection, or frequency of pulmonary tuberculosis between the two groups. The median MIC was 64 g/ml (interquartile range [IQR] , 64 to 256 g/ml) in fluoroquinolone-resistant M. tuberculosis isolates and 1.0 g/ml (IQR, 1 to 1 g/ml) in fluoroquinolone-susceptible isolates (P Ͻ 0.001). The organism inoculum sizes of both susceptible and resistant isolates ranged from 1.9 ϫ 10 4 to 3.5 ϫ 10 5 CFU/ml in the 10 Ϫ2 dilution. None of the 75 M. tuberculosis isolates in this study were resistant to isoniazid or rifampin.
Of the 25 fluoroquinolone-resistant isolates, 10 had unique genotypes by spoligotyping or MIRU (i.e., were not in clusters) and 15 were in clusters with other tuberculosis cases. Of these 15, 12 were in clusters in which all other isolates were fluoroquinolone susceptible, and 3 shared the same cluster. There were no epidemiologic links identified between the 3 fluoroquinolone-resistant cases.
The prevalence of polymorphisms in gyrA and gyrB in fluoroquinolone-resistant and -susceptible M. tuberculosis isolates is presented in Table 2 . There were no statistically significant differences in the proportions of resistant and susceptible isolates with polymorphisms in either gene combined, in gyrA alone, or in gyrB alone. When analysis was limited to the QRDR of gyrA, fluoroquinolone-resistant isolates were more likely to have a polymorphism, but only 68% of resistant isolates had such a polymorphism, and 6% of the susceptible isolates did. Fluoroquinolone-resistant isolates were also significantly more likely to have a previously described resistance mutation. All of these mutations were at codon 90, 91, or 94 of gyrA. Of note, however, is that 11 (44%) of the fluoroquinolone-resistant M. tuberculosis isolates did not have a previously described resistance mutation. Of these 11, 3 (27%) had documented fluoroquinolone exposure prior to diagnosis, compared with 12 of 14 (86%) resistant isolates with previously described resistance mutations (P ϭ 0.003). Tables 3 and 4 include all of the mutations and polymorphisms identified in gyrA and gyrB in the 25 fluoroquinolone-resistant and 50 fluoroquinolone-susceptible M. tuberculosis isolates, respectively. Polymorphisms at codons 21, 95, and 668 in gyrA occurred with similar frequencies in resistant and susceptible isolates and were therefore not included in the tables. Their frequencies were as follows for resistant versus susceptible isolates: for codon 21, 96% versus 100%; for codon 95, 76% versus 78%; and for codon 668, 72% versus 76%.
There were three polymorphisms in the QRDR of gyrA in fluoroquinolone-resistant isolates that have not previously been associated with fluoroquinolone resistance (Met81Thr, Leu109Pro, and Gln113Leu). Of the eight remaining fluoroquinolone-resistant isolates, 7 had polymorphisms outside the QRDR (one had no polymorphisms) and one had a polymorphism at Asn538Ile in gyrB.
Among the 50 fluoroquinolone-susceptible M. tuberculosis isolates, 3 had polymorphisms in the QRDR of gyrA (all 3 had prior fluoroquinolone exposure) and 3 had polymorphisms in the QRDR of gyrB (1 had fluoroquinolone exposure) ( Table 4) . Table 5 demonstrates the proportion of fluoroquinolone-resistant and -susceptible M. tuberculosis isolates with polymorphisms according to region of gyrA and gyrB. As expected, fluoroquinolone-resistant isolates were more likely to have mutations in the QRDR of gyrA (68% versus 6% in susceptible isolates). However, resistant isolates were not more likely to have mutations in the QRDR of gyrB (4% versus 6% in susceptible isolates). Interestingly, fluoroquinolone-susceptible isolates were significantly more likely to have polymorphisms in gyrA at codons 1 to 73 than fluoroquinolone-resistant isolates (20% versus 0%, respectively). Of the 10 isolates with polymorphisms in this region, each had a polymorphism at a different codon. The global test suggested that at least one region had a significant difference in mutation rate, thus assuring that the observed difference was not due to inflation of type I error by multiple comparisons. There were no other regions that had significantly more polymorphisms in fluoroquinolone-resistant versus -susceptible isolates.
DISCUSSION
Most (56%) of the fluoroquinolone-resistant M. tuberculosis isolates in this study had a previously described resistance mutation-at codon 90, 91, or 94 in the QRDR of gyrA. However, the relatively high proportion (44%) of isolates without one of these mutations has implications for the ability of current rapid genotypic diagnostic tests to detect such resistance. The GenoType Mycobacterium tuberculosis Drug Resistance second-line (MTBDRsl) DNA strip assay (Hain Lifescience, Nehren, Germany) is a rapid diagnostic test that utilizes mutations at codons 90, 91, and 94 and wild-type probes for codons 85 to 97 in gyrA to detect fluoroquinolone resistance in M. tuberculosis (16) . Such a test would have had low sensitivity in our patient population. It should be noted that most of the patient populations studied to date with this diagnostic test have had multidrug-resistant tuberculosis (MDR-TB; defined as resistance to at least isoniazid and rifampin) (6, 16) . In MDR-TB patients, the MTBDRsl assay has been 76 to 91% sensitive in detecting genotypic fluoroquinolone resistance (6, 16, 17, 19, 20) . Many such patients likely received extensive prior treatment, including fluoroquinolones. In contrast, our patient population was comprised of newly diagnosed fluoroquinolonemonoresistant tuberculosis patients in whom the proportion with fluoroquinolone exposure was high-but presumably with shorter treatment courses for presumptive nontuberculous bacterial infections rather than known chronic tuberculosis (10, 11) . Our patient population more closely reflects the population in whom fluoroquinolones might be used in the future as a first-line short-course antituberculosis therapy (9, 26) . It is important to determine the resistance mutation or mechanism in the 11 M. tuberculosis isolates without a previously described mutation. The mutations of highest priority for evaluation would be the three novel polymorphisms in the QRDR of gyrA (Met81Thr, Leu109Pro, and Gln113Leu). Of the 8 remaining fluoroquinolone-resistant isolates, 7 had polymorphisms outside the QRDR (one had no polymorphisms) and 1 had a polymorphism at codon 538 of gyrB. These novel polymorphisms merit evaluation as potentially novel resistance mutations. None of these polymorphisms occurred in more than one strain. If these polymorphisms do not confer fluoroquinolone resistance, alternative mechanisms such as efflux pumps and pentapeptide repeat proteins should be assessed (15, 25, 31) .
In 22 of the 25 fluoroquinolone-resistant M. tuberculosis isolates, the ofloxacin MIC was Ն64 g/ml (Table 3) . Although fluoroquinolone-resistant isolates often have a MIC of 4 to 16 g/ml, there have been reports of isolates with ofloxacin MICs of Ͼ32 g/ml (3, 7, 22, 30) . MIC depends in part on inoculum size, which should be standardized but is often not reported in studies of phenotypic and genotypic fluoroquinolone resistance in M. tuberculosis. However, the inoculum size used in this study was comparable to that used by other investigators (2, 13), including those reporting high ofloxacin MICs (3). The very high MICs in our study raise the possibility of additional resistance mechanisms besides gyrase mutations. This warrants further investigation. There were 11 fluoroquinolone-susceptible M. tuberculosis isolates with an ofloxacin MIC of 2 g/ml (Table 4) . Although this still met our definition of susceptibility, it raises the possibility of borderline resistance. All 11 isolates had at least 1 gyrase polymorphism (1 had one in the QRDR of gyrA), but none of the polymorphisms have previously been demonstrated to confer resistance, and none were present in more than one isolate. Of the 11 patients, 7 had reported antecedent fluoroquinolone exposure.
Of note is that patients with fluoroquinolone-resistant M. tuberculosis isolates with previously described resistance mutations were significantly more likely to have documented fluoroquinolone exposure prior to tuberculosis diagnosis than persons with Among the 50 fluoroquinolone-susceptible M. tuberculosis isolates, 3 had polymorphisms in the QRDR of gyrA and 3 had polymorphisms in the QRDR of gyrB (Table 4) . These polymorphisms have not previously been reported (22a), but polymorphisms have been reported in the QRDR of gyrA in fluoroquinolone-susceptible M. tuberculosis isolates in other studies-Pro102His and Leu109Val (18, 30) . While it is unlikely that the polymorphisms identified in our study confer fluoroquinolone resistance given the low MIC of the organisms, they should be evaluated to see whether they predispose to resistance, perhaps in the presence of greater fluoroquinolone exposure. Polymorphisms outside of the QRDR could also potentially predispose to fluoroquinolone resistance, but any in vitro evaluation should prioritize the evaluation of polymorphisms within the QRDR, particularly in gyrA.
It was notable that fluoroquinolone-susceptible M. tuberculosis isolates were more likely to have polymorphisms in the region of gyrA just prior to the QRDR (i.e., in codons 1 to 73). There was not one particular codon location but rather 10 different codons (in 10 different isolates) within this region that contained polymorphisms. This suggests that it is this region of gyrA rather than a specific location within the region that is important. This should be evaluated in other populations of M. tuberculosis isolates and, if confirmed, investigated further as a region of gyrA in which polymorphisms perhaps confer fluoroquinolone susceptibility or protect against resistance. A previous report of mutations at codons 80 and 90 in gyrA that conferred fluoroquinolone hypersusceptibility suggested that such mutations could improve the flexibility of protein folding and enhance quinolone binding to the gyrase complex (3) .
There were some limitations of this study. First, there were relatively few fluoroquinolone-resistant M. tuberculosis isolates. However, almost half of the resistant isolates did not have previously described resistance mutations, allowing the identification of several potentially novel resistance mutations. In addition, there were twice as many susceptible control isolates, and all isolates underwent sequencing of the entire gyrA and gyrB rather than just the QRDR. This also increased our ability to detect potentially novel mutations and polymorphisms. Second, there were no MDR-TB (and therefore, extremely drug-resistant tuberculosis [XDR-TB]) isolates in this study population. However, this may be considered a strength, since we evaluated isolates that were resistant only to fluoroquinolones. Resistance to other antituberculosis drugs could potentially influence resistance to fluoroquinolones (5, 14, 27) . The study population also represents the broader population of newly diagnosed tuberculosis patients rather than the smaller MDR-and XDR-TB populations. In conclusion, there was a high proportion of fluoroquinolone-resistant M. tuberculosis isolates that did not have previously described resistance mutations. Once the novel mutations and/or alternative mechanisms that confer resistance in these isolates are characterized, this information will need to be incorporated into the development of rapid genotypic diagnostic tests that detect fluoroquinolone resistance in M. tuberculosis. More broadly, however, these results suggest that genotypic tests that rely primarily on detecting mutations in the QRDR of gyrA (and codons 90, 91, and 94 in particular) may have decreased sensitivity, particularly in newly diagnosed tuberculosis patients. 
